Abstract-A challenge in the field of ecotoxicology is the linkage of alterations at molecular and biochemical levels of organization to adverse outcomes in individuals and populations. In the present study, a predictive relationship between plasma vitellogenin (VTG) concentration and fecundity in female fathead minnows (Pimephales promelas) was derived from 21-d laboratory toxicity tests with five chemicals (17␤-trenbolone, 17␣-trenbolone, prochloraz, fenarimol, and fadrozole) that inhibit VTG production through different mechanisms. Because VTG is key to egg production in female oviparous animals, changes in the lipoprotein could, theoretically, serve as an indicator of reproductive success. Regression of fecundity versus VTG concentration from the various studies yielded a highly significant linear model (fecundity ϭ Ϫ0.042 ϩ 0.95·VTG, p Ͻ 0.01, r 2 ϭ 0.88). This relationship was integrated into a population model to translate changes in VTG concentrations of female fathead minnows to alterations in population growth. The model predicted relatively profound effects on population size of fish experiencing moderate decreases in vitellogenesis. For example, a fathead minnow population at a carrying capacity exposed to a chemical stressor that causes a 25% decrease in VTG concentration in females from baseline values would exhibit a 34.6% projected decrease in size after two years of exposure and reach an equilibrium population size that was only 30.2% of the preexposed population. Overall, the current study provides an example of how changes in a biomarker (VTG concentration) can be quantitatively translated into adverse effects at the individual and population levels.
INTRODUCTION
Using molecular, biochemical, and/or histological responses (hereafter referred to collectively as biomarkers) as indicators for the possible effects of toxic chemicals on organisms has many conceptual advantages (for review, see Huggett et al. [1] ). For example, changes in biomarkers will precede and, in some instances, may be more sensitive to the effects of chemical stressors compared with alterations in the whole organism [1] . Another advantage of biomarker data as opposed to integrated ''apical'' end points, such as survival, is that responses at lower levels of organization can be much more diagnostic of specific toxic modes/mechanisms of action (MOAs) [1] . This attribute can be useful when dealing with complex mixtures of potential stressors and/or when an understanding of the MOA could serve as a basis for extrapolation across species [1] . A final advantage of biomarkers is that the information often can be easier and less costly to collect compared with longer-term responses at higher levels of biological organization, such as growth and/or reproduction [1] .
Despite these positive attributes, biomarker data seldom have been used in formal ecological risk assessments. A major reason is that with the exception of endangered species, ecological risk assessments are concerned with populations of organisms [2] . Hence, data collected at the level of the indi-vidual (primarily from laboratory-based toxicity tests) focus on end points, such as survival, growth, and reproduction, that can be related in some fashion to population status. In this context, biomarker data would only be useful for quantitative risk assessments if predictive relationships can be established between molecular, biochemical, or cellular responses and apical end points [2] . In many cases, however, development of these types of relationships can be exceedingly difficult because of a lack of clearly definable biological linkages between the biomarker response and adverse outcome [1] .
Significant international attention currently is focused on chemicals that affect reproduction and development in humans or wildlife through interactions with different components of the hypothalamic-pituitary-gonadal (HPG) axis [3] . Initially, chemicals that mimic estrogens were emphasized in particular, although many studies have now started to consider chemicals with other MOAs within the HPG axis, such as (anti-)androgens and inhibitors of steroidogenesis [3] .
Because of, in part, the attention given to estrogens in the environment, a biomarker that has received much use is changes in vitellogenin (VTG) levels/concentrations [4] . Vitellogenin is the lipoprotein precursor of egg yolk proteins, the production of which occurs in the liver of oviparous vertebrate females through activation of the estrogen receptors by 17␤-estradiol. Although not expressed under normal physiological conditions, VTG expression in males can be induced by exposure to estrogen-receptor agonists. As such, induction of VTG levels in male fish has been used extensively as a specific [17] . e Ankley et al. [10] . f Ankley et al. [9] . and reasonably sensitive biomarker of estrogen exposure (for review, see Wheeler et al. [5] ). A number of studies have focused on whether induction of VTG can be correlated with adverse effects on survival, development, and/or reproduction of fish [5] . Because males have no mechanism for excreting VTG (e.g., through deposition in developing oocytes), very high levels of VTG have been associated with renal pathology and death [6] . In terms of more subtle chronic effects, however, the relationship (if any) between development or reproductive success and VTG induction in males is not clear [5, 7] .
Recent studies with HPG axis-active chemicals other than estrogen-receptor agonists indicate that VTG often can be depressed in females. Depression of VTG can be caused by antagonism of the estrogen receptor (see, e.g., [8] ); however, decreased VTG levels in females have been associated more frequently with exposure to chemicals that inhibit some aspect of steroidogenesis. For example, exposure of fathead minnows (Pimephales promelas) to fadrozole, a relatively specific inhibitor of CYP19 aromatase, which converts testosterone to estradiol, was shown to reduce female plasma VTG to almost nondetectable concentrations [9] . Similarly, fungicides that are known (or suspected) to interact with key cytochrome P450 (CYP) enzymes involved in steroidogenesis can depress VTG levels in mature females [10] . Interestingly, androgen-receptor agonists also appear to decrease VTG production in mature females of several fish species [11] , perhaps through compensatory alterations in steroidogenesis [12, 13] .
Given that VTG in female fish has a clear biological linkage to egg production [14] , we speculated that it may be possible to derive a robust predictive relationship between VTG levels and fecundity. Data used for this exercise were derived from experiments conducted in our laboratory during the past few years using five chemicals that affect different nodes in the HPG axis and result in depressed plasma VTG concentration in female fish. After developing a quantitative relationship between fecundity and VTG concentration in the fish, we used a modification of the model described by Miller and Ankley [15] to forecast the possible effects of VTG reduction on population trends.
MATERIALS AND METHODS
Data for the present analysis were derived from 21-d reproduction studies conducted with fathead minnows using the basic protocol described by Ankley et al. [16] . Chemicals tested included two steroidal androgens, 17␤-trenbolone and 17␣-trenbolone [12, 17] ; two fungicides, prochloraz and fenarimol [10] ; and a pharmaceutical, fadrozole [9] . Each chemical was tested over a range of exposure concentrations that varied by chemical (Table 1 ) and included a set of untreated controls. All chemicals were administered via the water under solventfree, flow-through conditions with (at least weekly) analytical verification of chemical concentrations in the water. Fecundity of the test animals was assessed daily, and in no instance was there evidence of treatment-related mortality of the fish. Vitellogenin concentrations in the plasma of females was quantified at the conclusion of the 21-d exposures using an enzymelinked immunosorbent assay with a homologous polyclonal antibody [18] .
Fecundity (eggs/female/d) was calculated for each treatment by dividing the final cumulative egg production per female by the number of days of exposure. Vitellogenin concentration (mg/ml) was calculated as the median value for all female fathead minnows from any given treatment group, where the number of fish within a replicate of any particular treatment group was comprised of one to three reproducing females. A simple linear-regression model was formulated with fecundity as the dependent or response variable and VTG concentration as the independent or predictor variable. In the regression model, both fecundity and VTG concentration measurements were expressed relative to baseline (control) measurements for a given chemical. This was necessitated by among-experiment variations in fecundity associated, for example, with use of fish of slightly different ages to conduct the assays and different spawning configurations (i.e., paired vs group spawning). Then, the regression model describing the predictive relationship between VTG concentration and fecundity was used in conjunction with a population-level model (a modification of that described by Miller and Ankley [15] ) to forecast population trajectories for a fathead minnow population experiencing decreased VTG concentration and, therefore, decreased recruitment to the population. In connecting the simple linear-regression model to the population model, any specific point of interest along the x-axis of the regression model (VTG concentration) can be used in formulating the population-level trajectory resulting from the value for fecundity calculated from the regression.
The population model described by Miller and Ankley [15] is a density-dependent logistic matrix model constructed using a Leslie projection matrix [19] in combination with the logistic equation:
Within Equation 1, n tϩ1 is the vector of population age structure at time t ϩ 1, n t is the vector of population age structure at time t, r is the intrinsic rate of increase, P t is the population size at time t, K is carrying capacity, and M is the Leslie matrix containing vital rates (survivorship and fertility) that have been adjusted to include an age-specific percentage reduction in fecundity and/or survival rates over the time step t resulting from an exposure. Using Equation 1, the effect of depressed VTG concentration in females on population size can be investigated, given that a predictive relationship between VTG concentration and fecundity can be used in formulation of M to adjust age-specific values of fecundity over the time step t resulting from chemical exposure [15, [19] [20] [21] . This is accomplished by using the regression function to estimate a given change in fecundity resulting from a measured change in VTG concentration and then adjusting the fertility rates within the Leslie matrix accordingly. The model of Equation 1 thus provides a factor through which toxic chemicals affect the Leslie matrix elements related to baseline reproduction values. In addition, a density-dependent factor affects all the matrix elements related to reproduction and survival by reducing them as the population increases. In applying the logistic matrix model of Equation 1 in this manner, no additional parameters are required beyond what is found in a combined life and fecundity table, an estimate of carrying capacity, and an estimate of the VTG levels in female fish of the study population.
Using Equation 1 in connection with a predictive relationship between VTG concentration and fecundity, we investigated population trajectories for a fathead minnow population existing at carrying capacity and subsequently exposed to chemical stressors that reduce VTG concentration by a fixed percentage from a baseline condition. To provide an indication of relative impact, the output of the model was expressed invariant of carrying capacity by plotting population size proportional to carrying capacity at each time step of the model. Output from the model also was evaluated on the basis of absolute numbers, where impacts corresponding to declines in VTG concentration were examined for a given population of fathead minnows existing at a specified carrying capacity in a small body of water. In the case of fish that exhibit indeterminate growth, carrying capacity may be more accurately defined in terms of biomass [22] . However, because fathead minnows undergo ''scramble competition'' leading to equal sharing of resources [23] , it is acceptable to define carrying capacity in terms of fish numbers. Historical field data show that fathead minnows have been recorded at high population densities in small bodies of water ranging from 5.19 to 6.14 fish/m 3 [24] . Using a density estimate of 5.665 fish/m 3 for a fathead minnow population at carrying capacity (the midpoint of the range cited by O'Neil [24] ), a small body of water containing 1,000 m 3 of habitat would contain approximately 5,665 animals. We examined population trajectories from loss in fecundity corresponding to a decline in VTG concentration for a population of fathead minnows with varying carrying capacities, including 4, 715, 5, 190, 5, 665, 6 ,140, and 6,615 fish (corresponding to 1,000 m 3 of habitat and twice the range of maximum densities reported by O'Neil [24] ).
In all applications of Equation 1, we used a Leslie matrix that was constructed for the fathead minnow by Miller and Ankley [15] based on life-history characteristics of those minnows that were collected and analyzed from multiple studies (S.W. Duda, 1989, Master's thesis, State University of New York, Brockport, NY, USA) [25] [26] [27] . In formulation of the Leslie matrix, birth-pulse fertility values and a prebreeding census were used [20, 21] . All the model simulations were initiated with the population at the stable age distribution as calculated from the Leslie matrix [21] . For each simulation, the population size was projected using annual time steps, and the resultant equilibrium population size was determined.
RESULTS
Based on data from the 21-d reproduction studies with 17␤-trenbolone, 17␣-trenbolone, prochloraz, fenarimol, and fadrozole (Table 1) , a highly significant relationship was found between fecundity and VTG concentration (r ϭ 0.94) (Fig. 1) . The simple linear-regression model for the relationship was fecundity ϭ Ϫ0.042 ϩ 0.95·VTG concentration
The coefficient of determination (r 2 ) for this regression model was 0.88, and results of the analysis-of-variance test for this linear statistical model were highly significant (n ϭ 17, F ϭ 104.79, p Ͻ 0.01). This regression model was used to forecast trajectories for fathead minnow populations. In this exercise, a proportional change in VTG concentration (relative to baseline conditions) was selected, and a corresponding proportional change in fecundity was calculated (Eqn. 2).
The Leslie matrix yielded an intrinsic rate of increase equal to 0.337. Where VTG concentrations (and fecundity) of fathead minnows were depressed, the annual fertility rates of the different age classes within the Leslie matrix were adjusted accordingly to account for exposure within population projections [15, [19] [20] [21] . From Equation 1, we calculated projected trends in population growth for a fathead minnow population at carrying capacity and subsequently exposed to chemical stressors that depressed VTG concentration by 25, 50, 75, and greater than or equal to 96% reduction. These trends are illustrated in Figure 2 . Chemical stressors that depress VTG levels (and fecundity) resulted in trajectories that included varying rates of population decline over time recorded using an annual time step. A fathead minnow population existing at the carrying capacity and a baseline VTG level exposed to a chemical that depresses VTG concentration by 25% (or fecundity by 32.9%) was projected to exhibit a 24.3% decrease in population size after one year and an approximately 34.6% reduction after two years (Fig. 2B ). This 25% depression in VTG concentration would result in a population size at equilibrium corresponding to 30.2% of the initial population size. When VTG levels are depressed by 50%, there would be a 41.8% decrease in average population size after one year and a 57.6% reduction after two years (Fig. 2C) . A depression in VTG concentration of 75% was projected to cause an approximately 59.3% decrease in average population size after one year and a 78.1% reduction after two years (Fig. 2D ). Exposure to chemicals that depressed VTG levels by 50 and 75% resulted in population sizes at equilibrium that approached zero fish, requiring only nine and four years, respectively, for the population to decrease to an average size that was less than 10% of the initial population. Exposure to chemical stressors that reduce VTG concentration by greater than approximately 96% from baseline values were predicted to completely inhibit fathead minnow spawning, and the projected population trend results in an approximate 73.7% decrease in average population size after one year, a 92.7% reduction in average population size after two years, and complete extinction (because of a lack of recruitment) after three years (Fig. 2E) .
Population trajectories output from the model also were demonstrated on the basis of absolute numbers, whereby we examined the population-level impacts resulting from loss in fecundity corresponding to a decline in VTG concentration for a population of fathead minnow existing at varied carrying capacities representative of a small body of water. As an example, carrying capacity estimates of 4, 715, 5, 190, 5, 665, 6 ,140, and 6,615 fish were chosen for a simulation using the model of Equation 1 with a population experiencing a 25% decline in VTG concentration from baseline values, and population sizes at 1, 5, 10, and 20 years following exposure were tabulated for each carrying capacity estimate ( Table 2) .
DISCUSSION
Forbes et al. [2] conducted a critical analysis on the use of biomarkers in ecotoxicology and concluded that whereas they may provide insights regarding toxic MOAs, biomarkers ''should not be expected to provide useful predictions of relevant ecological [population] effects-and probably not even predictions of whole-organism effects.'' If this contention were true, then it obviously would very much limit the utility of biomarker data for either prospective or diagnostic risk assessments. The main concern of Forbes et al. [2] relative to use of biomarkers involves lack of plausible (and demonstrated) linkages between molecular, biochemical, or histological responses and adverse outcomes in individuals (and, by extension, populations). We feel that the present study directly addresses this issue and provides a practical example of how biomarker data can, indeed, be linked to effects in individuals and populations, thereby supporting prediction of ecological impacts.
Vitellogenin induction in male fish has received considerable attention as a biomarker for estrogen-receptor agonists; however, the response has not been successfully linked to effects on reproduction [4, 5, 7] . This is not a particularly surprising observation, because VTG has no known physiological function in males. Conversely, in females, the physiological significance of the lipoprotein in reproduction is well established, in that reproductive output (fecundity and egg quality) has been directly associated with VTG status [14, 28] . Therefore, production of VTG (in females) should be a mechanistically sound indicator for the potential reproductive capacity of individuals and, by extension, populations. In fact, Murphy et al. [29] recently described a modeling construct relating VTG production in females to reproductive success in two species of marine fish from the Sciaenidae family. To our Linkage of biochemical responses to population-level effects Environ. Toxicol. Chem. 26, 2007 525 knowledge, however, the present study is the first analysis of VTG/fecundity relationships in females from the standpoint of using changes in the lipoprotein concentration as a biomarker. During the past several years, our research team has conducted short-term reproduction studies with the fathead minnow using a variety of chemicals having different MOAs in the HPG axis. Effects of the putative endocrine-disrupting chemicals (EDCs) have been assessed at multiple levels of biological organization [16] , ranging from molecular and biochemical end points (steroidogenic enzyme activities, plasma sex steroid levels, and VTG concentration) to histological (gonadal) analyses to impacts on ecologically relevant apical responses (fecundity, fertility, and hatch). A key attribute of this type of approach is that it enables direct linkage of responses at the different levels of organization. A notable response caused by five of the chemicals we tested was depression of plasma VTG concentrations in females coincident with decreased deposition of VTG in developing oocytes and, ultimately, decreased egg production [9, 10, 12, 17] . Significantly, VTG concentration/fecundity data from these studies covered a wide dynamic range, including several ''partial'' responses that when assessed as an integrated data set in the present study, yielded a robust positive relationship (r ϭ 0.94) between the two variables ( Fig. 1) . We also have observed a significant ( p Ͻ 0.05) positive correlation between egg production and plasma VTG concentrations in a separate study of 16 individual nonexposed, ''control'' female fathead minnows (DL Villeneuve, unpublished data), although the range of VTG and fecundity values in that study (and strength of association; r ϭ 0.44) was smaller than in the current analysis. Overall, both analyses indicate a definable quantitative relationship between female VTG production and fecundity in the fathead minnow and, most likely, in other fish species as well [14, 28, 29] . This, in conjunction with the established physiological importance of VTG in egg production, provides strong support for the potential utility of VTG decreases in spawning female fish as a quantitative biomarker for predicting reproductive success.
Notably, chemicals considered in our current analysis included two steroidal androgen receptor agonists (17␣-trenbolone and 17␤-trenbolone [12, 17] ), a pharmaceutical (fadrozole) inhibitor of one enzyme (CYP19 aromatase) involved in steroidogenesis [9] , and two fungicides, one of which (prochloraz) inhibits both aromatase and CYP17␣ lyase (another key steroidogenic enzyme) and one of which (fenarimol) may act as an estrogen-receptor antagonist [10] . We did not anticipate that chemicals with molecular targets this diverse within the HPG axis would produce such a similar cascade of events: Depression of VTG concentration in females, histological indications of decreased VTG deposition in ovaries, and reduced fecundity. However, this further reinforces that vitellogenesis in female fish is a sensitive indicator for the integrated effects of certain classes of EDCs on reproduction.
Relating changes in molecular, biochemical, or histological end points to adverse effects in individuals (in this case, egg production) is only the first step in effectively using biomarker data for population-level risk assessments. To achieve this critical step in our case study, output of the regression relationship relating changes in VTG concentration to fecundity was coupled to a population model developed by Miller and Ankley [15] . In this analysis, we substituted varying decreases in VTG concentration into the regression model to formulate corresponding changes in fecundity. Inputting this information to the population model indicated that fathead minnows exposed to chemical stressors that depress VTG concentration by 25% or more would exhibit large population losses within a twoyear period. For example, the model indicated that only a 25% reduction in VTG concentration would result in a population size at equilibrium that was, on average, only 30.2% of the original carrying capacity. Furthermore, the model predicts that a decrease in VTG concentration by 50% or more from baseline values results in a population that is at risk for extinction.
The population model, as formulated, is quite flexible with respect to possible application to different risk assessment scenarios. For example, risk to populations can be expressed in a relative fashion (Fig. 2) , or the model can be used to generate quantitative predictions. For the latter, the potential carrying capacity for a particular type of system could be determined from the literature [15] (Table 2) , or a more site-specific habitat suitability (carrying capacity) analysis could be conducted based on variables measured within the landscape, perhaps even incorporating geographic information systems technology [30, 31] . Similarly, although the current model assumes a closed system, it is possible to expand on the basic framework to assess migration of organisms between systems. Specifically, using Equation 1, a vector representing the distribution of migrants (or immigrants) among age classes can be added to (or subtracted from) the population total at each time step. As such, the model is capable of dealing with metapopulation dynamics, and it could be applied to studies of patchy habitat quality or varying exposure history as well as interconnected populations.
The present results are relevant to monitoring efforts focused on diagnostic assessments of EDCs in the field. For example, in addition to controlled experimentation indicating that environmentally relevant chemicals such as fungicides can depress VTG concentration in fish (see, e.g., [10] ), a number of field studies with different fish species have found alterations in steroidogenesis consistent with decreased vitellogenesis (see, e.g., [32] [33] [34] ). Our demonstration of a linkage between decreased VTG production and reduced fecundity in a fish species indicates that these types of alterations could very well be relevant to populations. This suggests that when there is a suspicion of EDC exposure and effects, it would be desirable to monitor VTG status in female fish as routinely as in males. From a more species-specific perspective, the fathead minnow frequently is used in North America for environmental monitoring in a variety of fashions, including controlled (laboratory) exposures to field-collected samples (e.g., complex effluents), in situ (''caged'' fish) studies, and collection of specimens from extant populations [35] . Many of these applications occur in situations where female VTG data could be easily collected. For example, a research group in Canada currently is using the 21-d assay [16] to monitor EDC-related impacts of pulp and paper mill effluents and collecting male (but not female) VTG data [36, 37] . Of course, for data from field-based studies (especially collections from existing populations) to be quantitatively meaningful, careful attention must be given to the selection of appropriate reference populations so that variables such as age or relative reproductive state of the fish do not confound interpretation of VTG status.
The relationship observed between VTG levels and reproductive success in the fathead minnow also could be useful in predictive assessments where unknown chemicals are evaluated for their potential to affect endocrine function in fish. For example, the 21-d fathead minnow reproduction assay that served as the basis for the data used in the present study [16] is envisioned as a tool for identifying EDCs in a testing program implemented by the U.S. Environmental Protection Agency (U.S. EPA). An important feature of this assay is that it assesses both apical (reproductive) data and end points directly related to EDC MOAs (e.g., plasma steroid and VTG concentrations). Knowledge that depressed VTG concentration in females can be indicative of both specific alterations in endocrine function and adverse impacts in the whole animal (i.e., reduced fecundity) could possibly serve to abbreviate/ focus the current 21-d protocol. Further information concerning the temporal effects of test chemicals with differing MOAs on female VTG concentration would be needed to ascertain whether this would be viable. In summary, this analysis illustrates how a biomarker can be related to adverse effects in individuals and, ultimately, populations. We believe that our case study highlights two keys to successfully approaching the challenge of extrapolating changes in biomarkers to population-level effects. The first is selection of a biomarker that is functionally linked both to the specific toxic MOA of concern and to adverse outcomes. Past studies with biomarkers usually have identified responses that, although indicative of exposure to specific classes of chemicals, could not be related in any functional manner to effects on survival, growth, or reproduction-measures that serve as the basis for prediction of ecological risk [2] . Vitellogenin concentrations in reproductively active female fish appear to reflect both important EDC MOAs and to provide a direct linkage to egg production. That being said, VTG concentrations in females, like most other biomarkers, will invariably be affected by variables other than EDC exposure (e.g., nutritional status). Hence, studies with multiple stressors that detect VTG alterations in females should be only the first step to additional diagnostic analyses for determining causative factors. This is, of course, a necessity for field studies employing any type of biomarker.
The second key to successfully linking molecular, biochemical, and/or histological responses to population-level effects is an effective translator from the individual to the population. Population modeling certainly is not new to the field of ecotoxicology, but many past efforts in this area have been either too simplistic (e.g., assuming exponential growth) or too complicated (e.g., highly site-specific) to have a great deal of general utility. We feel that the modeling construct used for this case study strikes a balance between the two extremes, thereby serving as a reasonable integrator across biological levels of organization.
